Abstract: Apfelbeckia insculpta (L. Koch, 1867) is one of the largest European millipedes and an endemic species of the Balkan Peninsula. We present data on sexual dimorphism in size and body proportions obtained from 179 adult specimens of this species from four caves in Serbia and one in Montenegro using univariate and multivariate morphometric techniques. Sexual dimorphism was apparent and female-biased for all measured characters, except for lengths of the antennae and the 24 th leg pair (which were larger in males) and lengths of the first, second and fourth leg pairs, which exhibited small differences between sexes. Generally, females had significantly greater body size than males, while males expressed significantly greater values in traits that can be associated with mobility and copulation behavior. Also, we found significant variations in sexual size and body proportions dimorphism among analyzed populations. The influences of fecundity and sexual selection on the adult body plan in A. insculpta are discussed.
IntRoDuCtIon
Differences between the sexes in body size and body proportions are widespread among many animal groups. As a general pattern, females are the larger sex in most invertebrates [1] [2] [3] and in most poikilothermic vertebrates [4, 5] , while the opposite is prevalent in birds and mammals [6] [7] [8] .
The emergence and existence of sexual dimorphism is driven by many mechanisms. Several hypotheses addressing these issues are widely accepted and cited in the literature. According to the first, the 'fecundity advantage hypothesis' , females of larger size have greater fecundity and produce larger or more numerous offspring [9] [10] [11] [12] [13] . The second holds that differences between males and females may have evolved as a result of sexual selection acting through intrasexual competition or mate choice. According to this hypothesis, larger body size in one sex or different body proportions are associated with greater success in feeding, defending territory, or mate acquisition [14, 15] . Finally, sexual dimorphism can evolve via a divergence of the morphological traits of males and females due to intersexual competition for resources [15] . The 'intersexual niche partitioning' hypothesis presumes that both sexes phenotypically diverge in a way to reduce competition between them for such things as food or habitat requirements [15, 16] . Thus, adult body architecture represents the output of interplay between evolutionary forces acting on both sexes.
Studies of sexual dimorphism are often conducted at the intrapopulation level. However, many organisms exhibit variation in the degree and direction of sexual dimorphism across populations [17] [18] [19] [20] . These alterations usually have a genetic basis [19] and can arise as a consequence of mechanisms such as a correlated response of both sexes to sexual selection [21, 22] or via a different response of organisms to local environmental conditions [23] . Most studies focusing on intraspecific variation of sexual dimorphism are conducted on a small number of populations or on populations from a small geographical area, and data on widespread species are needed [17] . Still, it is often quite difficult to obtain samples from all or most of the populations across a species' distributional range. It may be possible to gain a satisfying resolution of the geographical variation of sexual dimorphism by analyzing isolated populations originating even from a small distributional range. To achieve this, organisms that display low dispersal abilities or inhabit isolated ecosystems (like caves or mountain lakes) would be suitable candidates for such analysis. Millipedes generally display low mobility and show a tendency toward geographical isolation [24, 25] . This enhances variability at different levels and can produce interesting intra-or interspecific patterns in the expression of sexual dimorphism.
Millipedes (Myriapoda, Diplopoda) are an arthropod group with more than 12000 described species [26] . Some estimates suggest that this class comprises approximately 80000 species [26, 27] . Usually, millipedes are abundant in the leaf-litter of temperate and tropical forests, but members of this group inhabit other terrestrial environments, such as deserts, caves, etc. [24] . Most millipedes are detritivorous organisms with an important role in enhancing the decomposition of decaying plant material and thereby stimulating microbial activity [24, 28] . Only one diplopod group (order Callipodida) is presumed to feed on animal material [29] , whether it be through predation or through processing remnants of other animals [30] .
Although millipedes constitute one of the most diverse groups of terrestrial arthropods [26] , we still have only a cursory grasp of the many aspects of their biology. Considering the growing body of data on sexual dimorphism in many animal groups, papers dealing with this topic in millipedes are scarce. Intersexual differences in millipedes comprise differences in the number of leg pairs (observed in Glomerida and Sphaerotheriida), in the number of body segments (in some Polydesmida and Chordeumatida), in the number of post-embryonic stadia (in some Julida), or in the morphology of anterior legs (for example, the first leg pair of males in Julida are almost always modified, while the second pair of legs can be reduced in females of certain representatives of Chordeumatida) [31] . Besides these differences, the males of some species of Julida possess modified mandibles [24, 31] , 'inflated' gnathochilarium [24] and glands that open on the coxae of the second leg pairs [24] . Also, some members of the genus Ammodesmus Cook, 1896 show differences in morphology and setation of the metaterga between males and females [32] .
In the present study, the sexual dimorphism of an endemic millipede species was evaluated in five populations distributed in Serbia and Montenegro. The aims of this study were two-fold: i) to analyze sex-related differences in size and body proportion variation at the intra-and interpopulation levels in our focal species, and ii) to try to elucidate the approximate mechanisms underlying these differences.
MAteRIALS AnD MethoDS

Study species and sampling sites
Apfelbeckia Verhoeff, 1896 is a genus of troglophilic millipedes endemic mostly to caves and other underground habitats of the Balkan Peninsula. This genus is composed of three species: A. brazzanum (Attems, 1927) , A. insculpta (L. Koch, 1867) and A. synthesis [33] . The species with the greatest distributional range is A. insculpta. It is distributed in Serbia, Montenegro, Bosnia and Herzegovina, Croatia and Albania [33] . Apfelbeckia insculpta is one of the largest European millipedes [34] . It is a millipede with an elongated, cylindrical body that is slightly higher than wide. The head is convex in both sexes. Antennae are long and slender. The first two leg pairs are noticeably shorter than the others and consist of six segments, unlike the others. The anterior legs (leg pairs one to seven) are generally shorter and wider than the subsequent legs, which are moderately long. Starting from the fourth leg pair, adhesive pads are present on the tibiae and tarsi of most legs in males. The last body segment (telson) bears a pair of spinnerets. Both sexes have the same color pattern and trunk ornamentation -a dark brown body with a lateral row of yellowish spots located below the openings of the defensive glands and moderately developed crests on the dorsal side of the trunk. The habitus and some morphological features of A. insculpta are presented in Fig. 1 . Males of A. insculpta are distinguished by the presence of gonopods (i.e., a modified eighth leg pair), which are involved in sperm transfer during copulation.
In the spring of 2012, we examined five populations of A. insculpta, a total of 179 animals. We focused on adult animals in all populations. Whether or not individuals were adults was decided by counting the number of podous and apodous segments (apodous segments other than the collum), number of leg pairs, rows of ocelli and number of ocelli [35] . Adults in our sample had 45-47 podous segments and one apodous penultimate trunk segment, 87-91 pairs of legs, nine rows of ocelli and 40-44 ocelli. The sex of the specimens could be unambiguously determined by the presence of gonopods. All animals were collected by hand, kept in perforated plastic boxes (40 cm × 40 cm) with layer of soil from the sampling site until contents from digestive system were defecated (up to three days), weighed and preserved in 70% ethanol. To avoid coiling, each collected specimen was put in a test tube with an appropriate diameter (Sarstedt, Nümbrecht, Germany) upon return to the laboratory. Also, each sample had a unique registration number.
Measurements
Animals were weighed with a Scout Pro 123 ® scale (Ohaus Corporation, Pine Brook, NJ, USA). Prior to dissection, all animals were photographed against a ruler accurate to 1 mm. After dissection of the chosen structures (head, right antenna, gnathochilarium (a plate-like structure formed from the first maxillae), trunk, right leg of the first leg pair, right leg of the second leg pair, right leg of the fourth leg pair and right leg of the 24th leg pair), all dissected body parts were photographed using an AxioCam MR camera mounted on a research binocular (Carl Zeiss, Jena, Germany). Scale bars corresponding to the respective magnification were added and all of the measurements were made using Axiovision software (ver. 4.2 for Windows, Carl Zeiss, Münich, Germany). The definitions of all measurements are given in Table 1 .
Statistical analyses
Univariate and multivariate methods were used to detect and characterize differences in size and body proportions between males and females of A. insculpta. First, all data were tested for normality using the Kolmogorov-Smirnov test. To reveal intersexual differences among morphological traits that depict body size (BL and M), one-way analysis of variance (ANOVA) was employed.
For statistical analysis of sex differences in body proportions, we used one-way analysis of covariance (ANCOVA) with multiple covariates. As we were fo- cused on data gathered from different populations, and as our data were represented by a set of linear measurements (i.e., linear distances between defined points of the observed body part) (Table 1) , we followed the recommendation of Berner [36] and included several traits as body size proxies. The covariates for HL were BL and HW, while BL and HL were used as body size estimators for HW, GL, GW and AL. Trunk length was controlled for BL and M. The two covariates for the remaining trunk dimensions, as well as for lengths of the first, second, fourth and 24th leg pair, were BL and TL. We tested the interaction between covariates and sex in order to examine the slope heterogeneity of regression lines between the sexes for each population. Insignificance of the interaction (P>0.05) suggested slope homogeneity and we performed ANCOVA.
We then performed principal component analysis (PCA) and canonical variate analysis (CVA) on pooled dataset. Both types of analyses are ordination methods used to simplify descriptions among individuals and/ or groups. PCA is used for simplifying descriptions of variation among individuals, while CVA simplifies descriptions of differences between groups [37] . For the effects of sex and population on morphological variation in A. insculpta, we used multivariate analysis of variance (MANOVA) with the individual scores obtained in CVA as the dependent variables, and sex and population as factors.
Post hoc analysis consisted of Tukey's test, while the significance level was set at α=0.05. When we performed multiple tests, we adjusted the initial statistical significance of 0.05 by Bonferroni correction for each set of analyses independently [38] . All statistical analyses were performed in SPSS (ver. 20 for Windows, IBM, Armonk, NY, USA) or STATISTICA (ver. 7 for Windows, Statsoft, Tulsa, OK, USA).
Index of sexual dimorphism in body size and body proportions
According to Djordjević et al. [20] , we calculated the indices of sexual dimorphism for body size and body proportions for each population of A. insculpta. Several formulae for quantifying sexual dimorphism have been proposed in the literature [39] [40] [41] . Willemsen and Hailey [41] provided a formula for the sexual dimorphism index (SDI) in the form of 100·[(F-M)/M], where F and M are the mean female and mean male values of the measured trait. This formula was chosen because it clearly generates positive values of the index when females are the larger sex and negative values when males are the larger sex. In our study, the mean values of BL and M (from ANOVA) were used for evaluating sexual dimorphism in size, while adjusted means of all other traits (from ANCOVA) were used for evaluating sexual dimorphism in all other measured traits.
ReSuLtS
Sexual dimorphism
The mean absolute (for BL and M) and size-adjusted (for all other traits) morphological measurements are presented in Table 1 . Values of BL and M were significantly higher in females than in the males of the five populations ( The results of ANCOVA showed that after checking for body size, females had larger dimensions in all (Table 2) .
PCA yielded two significant axes (Eigenvalue greater than 1), which accounted for 94.83% of total variation. The first principal component (PC1) accounted for 89.55% of total variation, with significant loadings of the same sign for all variables (Table 3) . Such a pattern across variables indicates that this PC can be interpreted as an estimator of overall body size [42] [43] [44] . The second principal component (PC2) accounted for 5.27% of total variation, with positive loadings for nine variables and negative loadings for five variables. It turned out that PC2 correlated strongly with AL and L24L ( Table 3 ). The individual scores of the first two PCs formed clusters in morphospace according to sex and population, and the ordination plot showed clear separations of the sexes within and among populations (Fig. 2) .
To examine differences between sexes and populations, we continued with CVA and MANOVA. The CVA resulted in three canonical variates (CVs), which accounted for 98.41% (CV1 -80.99%; CV2 -13.11%; CV3 -4.31%) of the total difference. The values of standardized coefficients of canoni- cal variables, which contribute to the discrimination between the first three CVs, are presented in Table 4 . Similar to PCA, the position of the individuals in the morphospace defined by the first two CVs revealed distinctions among populations and sexes (Fig. 3) . 
Variation of sexual dimorphism indices
Sexual dimorphism indices showed variation in the degree of sexual dimorphism among populations (Table 5). We found that the divergence in body length and body mass between the sexes was pronounced, while the magnitude of variation of dimorphism indices in other traits had lower values, albeit significant. The direction of SDI was the same across populations.
DISCuSSIon
We have demonstrated obvious sexual dimorphism in A. insculpta. Both body regions, i.e. head and trunk, are longer and wider in females. Our results thereby indicate female-biased size dimorphism in this species. Also, females were significantly heavier than males.
As in many other animal taxa with female-biased sexual size dimorphism, we presume that fecundity selection is a major evolutionary force that shapes this condition in our study organism. More specifically, the key target for fecundity selection is maternal body volume, as this trait is one of the constraints that may limit female reproductive output [45] . Our results showed that females of A. insculpta have a longer, wider and higher trunk than conspecific males, so it is reasonable to assume that females have a more voluminous body. As previous studies in millipedes showed that female body size correlates positively with the number of eggs [46] [47] [48] , the 'fecundity advantage hypothesis' is a plausible scenario for this pattern of sexual dimorphism in A. insculpta. A similar explanation of greater values for some trunk dimensions and body mass was proposed for the polydesmid species Cladethosoma clarum (Chamberlin, 1920) [49] .
Head shape is usually dimorphic in representatives of the order Callipodida [50] . For example, males of Apfelbeckia brazzanum (Attems, 1927) have concave heads, while females of this species have convex heads [33] . Our study species, A. insculpta, does not express such a pattern (both sexes have convex heads), but head dimensions were statistically different between males and females. The relative dimensions of the head and gnathochilarium were larger in females. This can be explained by the importance of high feeding efficiency. It is known that in some animal groups feeding frequency or prey size correlate with variations in head size [51] . Being the larger sex, it is logical to assume that females need more energy for maintenance. Also, females need enough energy to invest in egg production. Since it was observed that females spend most of the time feeding (B.S. Ilić, pers. observ.), it is no mere chance that these structures were larger in this sex. Our results thus suggest that fecundity selection is the underlying mechanism that generates and maintains sexual dimorphism in these characters.
Males, like the males of some other millipedes, have adhesive pads on their legs [33] . The first leg pair with adhesive pads is located on the fifth pleurotergite (fourth leg pair). Counted as a secondary sexual character, adhesive pads help the male to hold the female during mating [24, 52] . Relative measures showed that the fourth leg pair is larger in females in two populations (MM and HPP), while intersexual differences in this trait were statistically nonsignificant in the other three analyzed populations. Besides the fourth leg pair, the first two leg pairs were generally monomorphic in A. insculpta. Considering the obtained results, we are unable to find a meaningful biological explanation for such a pattern and presume that significant differences between males and females in some populations represent a statistical artifact.
The relative dimensions of the 'walking' leg (L24L) were greater in males. In the scenario where males scramble rather than fight for females, as in millipedes [49, [53] [54] [55] , it can be presumed that the selection favors increased activity and mobility in males [56] . Manton [57] found that leg length influences locomotor capacity in Diplopoda because longer legs can make longer strides, which results in an overall increase in speed. Also, a small body size in males can be advantageous in habitats such as cave systems where food is often limited [56, 58, 59] , i.e., males require less food and have more time for the pursuit of females. The smaller body size combined with longer legs and lower weight provide further proof that evolutionary forces favored agility in A. insculpta males. This conclusion also follows from data on the patterns of sexual dimorphism in other millipedes [49] .
Relative dimensions of the antennae (AL) were also greater in males. Millipedes generally live in habitats where the levels of light are quite low (leaf-litter or underground habitats) and despite the fact that many of them possess eyes, they must rely on other sensory structures. Millipede antennae carry arrays of sensory structures, including gustatory and olfactory receptors [24] . It is clear that these multimodal sensory organs play an important role in millipede mating, since a male cannot mate successfully if his antennae are removed [60, 61] . The active use of antennae during copulation, i.e., the process when the male taps his antennae on the head or body of a female, was observed in certain representatives of the genera Centrobolus Cook, 1897 (order Spirobolida) [54] and Parafontaria Verhoeff, 1936 (order Polydesmida) [55] . The greater dimensions of these organs in the males of A. insculpta can be attributed to a pronounced need to search for mates, as well as to their probable role during copula-tion. Unfortunately, we found no mating pairs during our field research and the copulation behavior of our study species remains unknown, so we cannot confirm the role of antennae during copulation.
However, the abovementioned pattern of intersexual differences can shed light on the possible mechanisms of sexual selection operating in A. insculpta. Darwin [62] provided two modes of sexual selection: contest competition for mates and mate choice. Contest competition (also known as intrasexual selection) involves fights or contests of the members of one sex (usually males, so this mode of sexual selection is also called male-male competition) for access to mates, while mate choice (or intersexual selection) can be described as the competition to attract members of the other sex (typically females are the choosy sex and this mode of sexual selection will lead to the evolution of traits that make males more attractive to females than their rivals) [63] . Competition over mates takes many forms and most kinds of sexual differences are thought to have emerged through one or more mechanisms of competition among males -sperm competition, endurance rivalry, scramble competition, contests, coercion, infanticide or attractiveness competition (arising from mate choice) [63, 64] . Among these mechanisms, scramble competition is the most probable mechanism that operates among A. insculpta males. This mode of competition arises when males gain a mating advantage by the prompt localization of potential mates and favors well-developed sensory and locomotor organs [63, 64] . This being the case, competition between males may indeed enforce larger dimensions of the male antennae, and this pattern is probably coupled with a greater mobility in individuals of the male sex and/or their copulation behavior.
The observed pattern of sexual dimorphism in A. insculpta not only correlates with foraging ecology or mate search and acquisition, but can also be the result of reproductive interactions between the sexes. Behavioral observations during the copulation of Alloporus uncinatus Attems, 1914 (order Spirostreptida) demonstrated that a larger male can kill his mate [53] . As male behavior may pose a threat to the physical well-being of the female during copulation, evolutionary forces may favor physical prowess in the female; thus, females became larger than males. The larger body size in A. insculpta may represent one of the "enduring" mating strategies of females (sensu Cooper and Telford [54] ).
In the light of the obtained sexual dimorphism indices, we can say that the divergence in body size is pronounced in A. insculpta, while indices of sexual dimorphism in body proportions had lower values, albeit also significant. The directions of SDI were the same at all localities ( Table 5 ), indicating that both sexes undergo a similar degree of evolutionary pressure throughout the distributional range of this species. Estimates of sexual dimorphism showed that the magnitude of sexual dimorphism in A. insculpta varies among populations (Table 5 ). Differences in genetic correlations between the sexes, allometry or phylogenetic effects can be drivers for interpopulation variability in sexual dimorphism [23, [65] [66] [67] . On the other hand, such variation can be the result of intersexual differences in body-size plasticity [23, 67] or microevolutionary changes among populations [68, 69] . Finally, population history and differences in behavior can cause the variation in the degree of sexual dimorphism among populations of the same species [17, 70] . Our study was based on field-collected animals and we cannot easily draw conclusions about the underlying mechanisms of the observed variation in sexual dimorphism. However, significant interactions between sex and population effects suggested that the degree to which both sexes respond to local environmental factors may influence the variation in magnitude of sexual dimorphism. This means that the observed sexual size and body proportion variation among populations is probably due to phenotypic plasticity in response to the local environmental conditions [23] . However, because of the lack of data on A. insculpta biology (and other millipedes as well), we cannot exclude the possibility that the variation in degree of sexual dimorphism among the different populations observed in our study may be due to the effect(s) of other factor(s).
In conclusion, we have demonstrated sexual dimorphism in size and body proportions in A. insculpta. Also, our results show that the direction of both aspects of sexual dimorphism is the same across the analyzed populations, while the degree of dimorphism varied between them. A. insculpta females exhibit a morphology that may be associated with increased fecundity in this sex, while the male body may be shaped by intrasexual selection. This study provides initial data on sexual dimorphism in a callipodidan millipede. We focused on general body size and body proportions and included some measurements that have not been recorded in previous studies related millipede body size [71] . Millipedes are an underrepresented animal group in studies of this type and much comprehensive data, especially on population structure, behavior, mating strategies or utilization of environmental resources, are lacking, so many factors that may influence the degree and direction of sexual dimorphism are unknown. Such studies will shed new light on millipede biology and more help us to broaden our knowledge about patterns of sexual dimorphism.
